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httpicense.Abstract The main objective of this work was to examine the corrosion inhibition ability of three
novel surfactant molecules synthesized from 1,3,5-triethanolhexahydro-1,3,5-triazine, which named
(I, II and III). The chemical structure of these surfactants was conﬁrmed by FT-IR and 1H NMR
spectroscopy. Also the surface active properties for the synthesized compounds were calculated. The
effect of these surfactants on carbon steel in a solution of 1 M HCl was studied using mass-loss and
electrochemical measurements. Protection efﬁciencies were found to be 93.1%, 90.7%, and 87% for
III, II, and I, respectively. The order of increasing inhibition efﬁciency was correlated with increas-
ing the number of ethylene oxide units. Potentiodynamic polarization curves indicated that the pre-
pared surfactants acted as mixed type inhibitors. Adsorption of the inhibitor obeys the Langmuir
isotherm. Quantum chemical calculations based on ab initio method were performed on I, II and
III. The molecular structural parameters, such as the frontier molecular orbital energy HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital), the charge
distribution and the fraction of electrons (DN) transfer from inhibitor to carbon steel were calcu-
lated and discussed.
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Carbon steel is widely used in many industrial applications. In
most industrial processes, the acidic solutions are commonly
used for the pickling, industrial acid cleaning, acid descaling,
oil well acidifying, etc. [1–5]. Carbon steel has remarkable eco-
nomic and attractive materials for engineering applications
owing to its low cost, easy availability and high mechanicalgyptian Petroleum Research Institute.
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352 A.M. Al-Sabagh et al.strength. Corrosion control of metals is an important activity
of technical, economical, environmental and aesthetical impor-
tance. Thus, the search for new and efﬁcient corrosion inhibi-
tors has become a necessity to protect metallic materials
against corrosion [6]. To be effective, an inhibitor must dis-
place water from the metal surface, interact with anodic or
cathodic reaction sites to retard the oxidation and reduction
corrosion reaction, prevent transportation of water and corro-
sion active species on the surface [7]. Inhibition of metal corro-
sion by organic compounds is a result of adsorption of organic
molecules or ions at the metal surface forming a protective
layer. This layer reduces or prevents corrosion of the metal.
The extent of adsorption depends on the nature of the metal,
the metal surface condition, the mode of adsorption, the chem-
ical structure of the inhibitor, and the type of corrosion media
[8]. To prevent the attack of acid, it is very important to add a
corrosion inhibitor to decrease the rate of metal dissolution in
such solutions. Thus, many studies concerning the inhibition
of carbon steel corrosion using organic substances are con-
ducted in acidic and basic solutions [9–13]. Inhibitors, which
reduce corrosion on metallic materials, can be divided into
three kinds: (i) inorganic inhibitors, (ii) organic inhibitors
and (iii) mixed material inhibitors [14]. Most well-known acid
inhibitors are organic compounds containing nitrogen, sulfur
and oxygen atoms. The inﬂuence of organic compounds con-
taining nitrogen, such as amines and heterocyclic compounds,
on the corrosion of steel in acidic solutions has been investi-
gated by several researchers [15–18]. Surfactants are special
type of organic compounds and exhibit unique properties
due to their amphiphilic molecule. This is the reason of their
wide application in the ﬁeld of inhibition of metals against cor-
rosion. The surfactant inhibitor has many advantages such as
high inhibition efﬁciency, low price, low toxicity and easy pro-
duction [19–24]. The adsorption of the surfactant on the metal
surface can markedly change the corrosion resisting property
of the metal [25,26], So the study of the relationship between
the adsorption and corrosion inhibition is of great importance.
Quantum chemical calculations have been proved to be a very
powerful tool for studying the inhibition mechanism [27,28]. In
continuation to our program for the synthesis of new corro-
sion inhibitors [29–35], the present study aimed to synthesis
three nonionic surfactants based on 1,3,5-triethanolhexahy-
dro-1,3,5-triazine. The inhibiting action of the three prepared
surfactants (I, II, and III) on the carbon steel in 1 M HCl solu-
tion has been investigated. The gravimetric and electrochemi-
cal techniques such as potentiodynamic polarization and
impedance measurements were used in this study. Theoretical
studies on electronic and molecular structures of three surfac-
tants were conducted using quantum chemical calculations.
The choice of these compounds was based on molecular struc-
ture considerations that, these compounds contain heteroat-
oms such as N and O, which induce greater adsorption of
the inhibitor molecule onto the surface of carbon steel.2. Experimental method
2.1. Synthesis of 1,3,5-triethanolhexahydro-1,3,5-triazine
1.47 mol of ethanolamine was added to a stirred solution of 37%
aqueous formaldehyde (1.42 mol) at a rate to keep the tempera-
ture between 50 and 55 C. The addition was completed after3 h, and the reaction stirred for an additional hour. The reaction
mixture was then cooled in an ice bath, and potassium hydroxide
was added such that the temperature did not exceed 25 C. The
organic layer was separated and subjected to vacuum distillation
resulting in the isolation of 1,3,5-triethanolhexahydro-1,3,5-tri-
azine [36]. The mechanism of reactions is illustrated in Scheme 1.
2.2. Ethoxylation
The prepared 1,3,5-triethanolhexahydro-1,3,5-triazine was
charged in dry and closed vessel, which allowed passing nitro-
gen and ethylene oxide gases to introduce 6, 10 and 20 units of
ethylene oxide beside the three (–CH2CH2O–) in the original
nucleus, compound (4) so that the total ethylene oxide units
become 9, 13 and 23. The reaction took place in presence of
triethylamine as a catalyst at 80–100 C [37,38].
2.3. Esteriﬁcation
The prepared ethoxylated derivatives were esterﬁed with oleic
acid in a three-necked ﬂask in the presence of p-toluene sul-
fonic acid (0.1 wt%) as a catalyst. The reaction mixture was
heated at 150 C with continuous stirring until the theoretical
amount of water was collected. The product was puriﬁed by
washing with a hot solution of supersaturated sodium chloride.
The organic layer was separated, dried over anhydrous sodium
sulfate, and the solvent was distilled off to give the correspond-
ing esters (ﬁnal products which abbreviated as I, II and III).
2.4. Measurement of surface tension
Equilibrium surface tension measurements were made at 25 C
using the Du Nouy ring method Tensiometer (Kruss Type 6)
for different concentrations of the synthesized nonionic surfac-
tants. All solutions were prepared in double distilled water
with a surface tension equal 72 mN m1 at 25 C.
2.5. The weight loss measurements
Experiments were performed on carbon steel samples (CS37)
having the following chemical composition: 0.11% C, 0.45%
Mn, 0.04% P, 0.05% S, 0.25% Si and the reminder is Fe
and with an exposed area of 7 · 3 · 0.5 cm. Measurements
were carried out in a glass vessel containing 100 ml of 1 M
HCl with and without addition of different concentrations of
different inhibitors (concentration ranged from 1 · 105 to
1 · 103 M) at temperature 25 C for 24 h immersion time.
Solutions were freshly prepared from analytical grade chemical
reagents using distilled water.2.6. Electrochemical measurements
The electrochemical measurements were carried out using Volta
lab 40 (Tacussel-radiometer PG Z301). In this method, the
working electrode was immersed in the test solution for
30 min until the open circuit potential was reached. After that
the working electrode was polarized in both cathodic and ano-
dic directions. Standard ASTM glass electrochemical cell was
used. Platinum electrode was used as auxiliary electrode. All
potentials were measured against a SCE as reference electrode.
Potentiodynamic polarization measurements were obtained by
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Scheme 1 Preparation of 1,3,5-triethanolhexahydro-1,3,5-triazine (4), its ethoxylates (5) and their esters (I).
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300 mV vs. SCE with a scan rate 2 mV s1 at 25 C. Electro-
chemical impedance spectroscopy (EIS) measurements were
carried out as described elsewhere [39]. A small alternating volt-
age perturbation (5 mV) was imposed on the cell over the fre-
quency range of 100 to 30 mHz at 25 C.
2.7. Theoretical quantum calculations
The molecular structures of the inhibitors undertaken have
been fully geometrically optimized via single point ab initio
method (3-21G basis set) using Austin model 1 (AM1) with
hyperchem quantum chemistry software [40].
3. Results and discussion
3.1. Chemical structure conformation
It has been reported [36] that compound (4) is prepared by the
addition of aqueous formaldehyde (1) to ethanolamine (2).
This reaction of primary amine and formaldehyde involves ini-
tially the formation of the respective aldimine (3) which was
turn rapidly trimerizes. According to scheme (1), the chemical
structure of compounds (4, 5 and I) was conﬁrmed by 1H
NMR spectra. Fig. 1 of the compound 4 shows four different
bands at d= 3.2 ppm due to 1H (a), d= 2.4 ppm for 1H (b),
d= 3.4 ppm for 1H (c), and d= 3.9 ppm for 1H (d). Fig. 2
shows a new band for 1H (e) of (CH2OCH2) at d= 4.1 ppm
indicates the formation of the ethereal bonds. By inspecting
of Fig. 3, new characteristic bands at d= 0.84 ppm for 1H(f) of the terminal CH3; d= 1.26 ppm for
1H (g) (OOCCH2-
CH2(CH2)nCH3); d= 2.3 ppm for
1H (h) (OOCCH2CH2
(CH2)nCH3), and d= 5.6 ppm for
1H (i) of 1-ethylene
(–CH‚CH–) were appeared. The ester formation of the eth-
oxylated product was conﬁrmed using FT-IR spectrum as
shown in Fig. 4. The main characteristic peak for the carbonyl
ester group (–C‚O) was appeared at 1737.29 cm1 beside the
characteristic peak of the ethereal group which appeared at
1115.19 cm1.3.2. Surface active properties measurements
The surface tension (c) of surfactants was measured for a range
of concentrations above and below the critical micelle concen-
tration (CMC). A representative plot of c versus ln concentra-
tion for nonionic surfactants is shown in Fig. 5. Linear
decrease in surface tension was observed with the increase in
surfactant concentrations [41]. This is a common behavior
shown by surfactants in solution and is used to determine their
purity and CMCs. The CMC values were obtained from the
break point in the c-ln C plots as shown in Fig. 5 and listed
in Table 1. The c-ln C plots also provide information about
minimum area per molecule at air/water interface, effectiveness
and maximum surface excess concentration of the synthesized
surfactants. According to the data in Table (1), the CMC for
the prepared nonionic surfactants (I, II, and III) decreases with
increasing the number of (eo) units in the molecule [42], and
this may be due to the hydrophobic group of the POE nonionic
(oleyl). The effect here may be due to the bulky nature of the
hydrophobic group (oleyl group) in these molecules, which
Figure 1 1H NMR spectrum of 1,3,5-triethanolhexahydro-1,3,5-
triazine (4).
Figure 2 1H NMR spectrum of the ethoxylated 1,3,5-trietha-
nolhexahydro-1,3,5-triazine (5).
354 A.M. Al-Sabagh et al.produces an almost parallel arrangement of the surfactant
molecules in the micelle. For the three surfactants, it was found
that, the PCMC was affected by the number of ethylene oxide
units. However, it may generally recognize that, the surfactant
which contains 23 (eo) units was the most one reducing the
surface tension among the other. Cmax was calculated from
the slope of the straight line in the surface tension plot (dc/d
lnC) below the CMC. From Table 1, it was found that, the
maximum surface excess concentration decreases by increasing
the number of ethylene oxide units. This trend indicates a de-
crease in the adsorbed molecules at the interface; hence, theFigure 3 1H NMR spectrumarea available for each molecule will increase. For the three
synthesized surfactants, the e.o group constitutes the polar
head of these surfactants and its increase means increasing sur-
face area occupied by each surfactant molecule. Hence, less
surfactant molecules were needed to saturate the interface, as
can be observed in Table 1.
3.3. Thermodynamic parameters of surface tension
The ability for micellization processes depends on the thermo-
dynamic parameter (standard free energy, DGmic.). Most infor-
mation on the free energy of micellization has been obtained
indirectly through the CMC. [43]. The DGmic. may be calcu-
lated by choosing the following expression equation (1):
DGmic ¼ 2:3RTð1 aÞ logCMC ð1Þ
where R is the universal gas constant(R= 3.418 J/mol.K), T is
the absolute temperature, a is the fraction of counter ions
bound by micelle in case of ionic surfactants (a= 0 for non-
ionic surfactants) and CMC is the critical micelle concentra-
tion in mol/L. Many investigations deal with the
thermodynamics of surfactant adsorption at the interface
[44]. The thermodynamic parameters value of adsorption
DGads were calculated via the following equation (2):
DGads ¼ DGmic  0:6023
Y
CMCAmin ð2Þ
The free energy of micellization in Table (1) indicates that
the micellization process is spontaneous (DGmic < 0). The data
show also that, the negativity of DGmic increases with the in-
crease in the number of e.o units incorporated. This behavior
indicates that increasing the oxyethylene chain length favors
the micellization process. From the data obtained, it was found
that all DGads values are negative and they are more negative
than DGmic values. This indicates that, the adsorption at the
interface is associated with a decrease in the free energy of
the system i.e. the adsorption process is more spontaneous.
Also, this indicates that, the studied surfactants favor adsorp-
tion than micellization.
3.4. Weight Loss measurements
The weight loss of carbon steel in 1 M HCl with and without
the addition of different concentrations of each studied surfac-
tant is determined after 24 h of immersion period at 25 C.
From the calculated weight loss values, the inhibitiveof the Ester Compound (I).
Figure 4 FT-IR spectrum of the Ester Compound (I).
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Figure 5 c-ln C adsorption isotherm for the three synthesized surfactants (I, II, and III).
Table 1 Surface active properties of the investigated surfactants at T= 298 K.
Inhibitors CMC · 103
(mol L1)
cCMC
(mNm1)
GCMC
(mNm1)
Umax · 1010
(mol cm2)
Amin
(A2)
DGmic.
(kJ mol1)
DGads.
(kJ mol1)
I 3.5 35 37 1.94 85.34 15.38 19.17
II 2.7 34 38 1.88 87.89 15.70 20.27
III 1.8 32 40 1.81 91.41 16.37 22.18
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tions are calculated using the following equations (3,4) [45]:
gw ¼ ððWWoÞ=WÞ  100 ð3Þ
H ¼ ðWWoÞ=W ð4Þ
where Wo and W are the weight losses in the absence and
presence of inhibitor, respectively. Fig. 6 shows the depen-
dence of g on the concentration of each surfactant used at
25 C and after 24 h of immersion time. The inhibiting effect
increased with the increase in surfactant concentration as obvi-
ous in Fig. 6 and Table 2. At low surfactant concentration, thesurfactant molecule adsorbed on the steel surface by ion-pair
and ion-exchange as well as the dispersion force which acts be-
tween the hydrophobic chains. By increasing the concentra-
tion, a signiﬁcant increase in adsorption which can be
explained by an aggregation of the hydrophobic groups at
the interface called hemimicelles. Around the CMC of these
surfactants, a higher inhibition takes place due to the forma-
tion of bimolecular layer on the solid surface [46]. The results
indicated that, the inhibition efﬁciency of the inhibitors de-
creases in the following order III > II > I. This means that,
the inhibition efﬁciency increases with the increase in the num-
ber of ethylene oxide units. This may be attributed to the
Table 2 Gravimetric results of the carbon steel in 1 M HCl
without and with addition of different surfactants studied.
Inhibitors C (mol L1) W (mg cm2 h1) h gw (%)
Blank 0.00 2.9033 - -
I 1 · 105 1.0842 0.626 62.6
5 · 105 0.9165 0.684 68.4
1 · 104 0.8316 0.713 71.3
5 · 104 0.6078 0.790 79.0
1 · 103 0.3736 0.871 87.1
II 1 · 105 0.9934 0.657 65.7
5 · 105 0.8580 0.704 70.4
1 · 104 0.6387 0.780 78.0
5 · 104 0.4863 0.832 83.2
1 · 103 0.2700 0.907 90.7
III 1 · 105 0.7113 0.755 75.5
5 · 105 0.4803 0.834 83.4
1 · 104 0.4034 0.861 86.1
5 · 104 0.3534 0.878 87.8
1 · 103 0.2001 0.931 93.1
356 A.M. Al-Sabagh et al.increase in the electron density distribution which was exerted
by the incorporation of ethylene oxide units in the chemical
structure [47].
3.5. Polarization measurements
Both anodic and cathodic polarization curves for carbon steel
in 1MHCl at different concentrations of the prepared nonionic
surfactants are shown in Figs. 7–9. It is clear that the presence
of the inhibitors causes a markedly decrease in the corrosion
rate, i.e. shifts the anodic curves to more positive potentials
and the cathodic curves to more negative potentials. This
may be ascribed to adsorption of the inhibitor over the cor-
roded surface. Values of the corrosion current densities (Icorr),
corrosion potential (Ecorr), cathodic Tafel slope (bc), and ano-
dic Tafel slope (ba) were calculated from Figs. 7–9 and are
listed in Table 3. From these data, it is clear that the corrosion
current decreases with the increase in the inhibitor concentra-
tion. The presence of the prepared nonionic surfactants does
not remarkably shift the corrosion potential, while the anodic
and cathodic Tafel slopes change with the increase in the inhib-
itor concentration. Therefore, the prepared nonionic surfac-
tants can be classiﬁed as mixed-type inhibitor in HCl.
[48].The inhibition efﬁciency (gp%) is calculated from the fol-
lowing equation (5) [49]:
gp ¼ ððIo  IÞ=IoÞ  100 ð5Þ
where I0 and I are the corrosion current densities in the ab-
sence and presence of the inhibitor, respectively, determined by
extrapolation of Tafel lines to the corrosion potential. Values
of the inhibition efﬁciency were calculated and listed in Table 3,
which reveal that the inhibition efﬁciency (gp%) increases with
increment of the inhibitor concentration. The order of inhibi-
tion efﬁciency decreased as follows: III > II > I.
3.6. Electrochemical impedance measurements
The impedance measurements were carried out after immer-
sion for 30 min in 1 M HCl solutions in the absence and pres-
ence of different concentrations of the synthesized nonionic
surfactants (I, II, and III). Figs. 10–12 show a typical set of
Nyquist plots for carbon steel in 1 M HCl in the absence
and presence of different concentrations of the studied60
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Figure 6 Effect of concentratioinhibitors. The Nyquist plots were regarded as one part of a
semicircle. The charge transfer resistance values (Rct) were cal-
culated from the difference in impedance at lower and higher
frequencies, as suggested by Haruyama and Tsuru [50]. To ob-
tain the double-layer capacitance (Cdl), the frequency at which
the imaginary component of the impedance is maximum f
Z00img was determined, and Cdl values were calculated from
the following Eq. (6) [50]:
CdI ¼ 1=ð2/RctÞf Z00img ð6Þ
The impedance quantitative results were listed in Table 4. It
is clear that, the corrosion of carbon steel in 1 M HCl is obvi-
ously inhibited in the presence of the inhibitors, and the imped-
ance response changes signiﬁcantly with the increase in
inhibitor concentration. In case of the electrochemical imped-
ance spectroscopy, the inhibition efﬁciency was calculated
using charge transfer resistance from the following equation
(7) [50]:
g% ¼ ½ðRct:ðinhÞ  Rct=RctðinhÞ  100 ð7Þ
where Rct and Rct (inh) are the charge transfer resistance
values without and with the inhibitor, respectively. As the
inhibitor concentration increased, the Rct values increased,06 0.0008 0.001 0.0012
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Figure 7 Polarization curves for carbon steel in 1 M HCl in the absence and presence of different concentrations of inhibitor (I) at 25 C.
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Figure 8 Polarization curves for the carbon steel in 1 M HCl in the absence and presence of different concentrations of inhibitor (II) at
25 C.
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Figure 9 Polarization curves for carbon steel in 1 M HCl in the absence and presence of different concentrations of inhibitor (III) at
25 C.
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Table 3 Electrochemical parameters of carbon steel electrode in 1 M HCl in the absence and presence of the studied surfactants.
Inhibitors C (mol L1) Ecorr (mV) Icorr. (mA cm
-2) ba (mV dec
1) bc(mV dec
1) gp (%)
Blank 0.00 542.3 2.4874 176.5 226.3 -
I 1 · 105 536.2 1.3213 163.2 202.6 46.880
5 · 105 532.6 1.1162 197.1 181.5 55.125
1 · 104 528.5 0.8133 192.1 175.0 67.303
5 · 104 535.2 0.8997 181.3 179.3 63.829
1 · 103 547.3 0.6095 182.6 150.0 75.496
II 1 · 105 540.1 1.2335 160.3 198.7 50.410
5 · 105 538.4 1.0500 168.9 189.7 57.787
1 · 104 519.0 0.6393 165.2 149.2 74.298
5 · 104 525.3 0.5077 135.9 146.3 79.589
1 · 103 505.4 0.3986 159.0 141.6 83.975
III 1 · 105 533.8 1.1095 165.4 189.0 55.395
5 · 105 533.6 0.9041 197.1 184.1 63.652
1 · 104 559.4 0.5379 146.1 160.9 78.375
5 · 104 530.4 0.3543 175.8 143.4 85.756
1 · 103 542.0 0.2780 147.3 130.2 88.823
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Figure 10 Nyquist Plots for carbon steel in 1 M HCl in the absence and presence of different concentrations of inhibitor (I) at 25 C.
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is due to the adsorption of inhibitor on the metal surface [51].
The inhibition efﬁciency increased with inhibitor concentration
increment. This fact suggests that the inhibitor molecules may
be ﬁrst adsorbed on the steel surface and cover some sites of
the electrode surface. Then they probably form monomolecu-
lar layers on the steel surface. These layers protect steel surface
from the attack of hydrogen ions and prevent iron dissolution.
The inhibiting efﬁciency follows the order: (III) > (II) > (I).
Results obtained from EIS can be interpreted in terms of elec-
trical equivalent circuit used for modeling the interface Fe/1 M
HCl solution without and with the synthesized inhibitors as
shown in Fig. 13. The electrical equivalent circuit was used pre-
viously to model the iron/acid interface, and similar circuit has
been described in the literature for the acidic corrosion inhibi-
tion of steel [52].
3.7. Adsorption isotherm
To understand the corrosion inhibition mechanism, the organ-
ic compound’s adsorption behavior on the carbon steel surface
must be known. The plot of Cinh/H vs. Cinh Fig. 14 yielded aTable 4 EIS parameters for the corrosion of carbon stee
concentrations of the prepared inhibitors at 25 C.
Inhibitors C (mol L1) Rs (ohm cm2)
Absence 0.00 5.47
I 1 · 105 3.25
5 · 105 1.05
1 · 104 6.01
5 · 104 10.00
1 · 103 9.42
II 1 · 105 3.44
5 · 105 2.36
1 · 104 2.65
5 · 104 8.76
1 · 103 11.97
III 1 · 105 2.93
5 · 105 5.76
1 · 104 10.0
5 · 104 2.81
1 · 103 3.31straight line, provided that the adsorption of the nonionic sur-
factants from the hydrochloric acid solution obeys Langmuir
adsorption isotherm, which is presented by equation (8) [53].
Cinh=H ¼ 1=Kads þ Cinh ð8Þ
where Cinh is the inhibitor concentration and Kads is the
equilibrium constant for the adsorption/desorption process.
From the intercepts of the straight lines on the Cinh/H-axis,
one can calculate Kads, which is related to the standard free
energy of adsorption, DGads, as given by Eq. (9) [54]:
DGads ¼ RTlnð55:5KadsÞ ð9Þ
The calculated free energy of adsorption (DGads) is given in
Table 5. The negative values of DGads indicated that the
adsorption of the inhibitors on the metal surface is spontane-
ous. Generally, values of DGads around 20 kJ mol1 or lower
are consistent with the electrostatic interaction between
charged molecules and the charged metal surface (physisorp-
tion) [55]; those around 40 kJ mol1 or higher involve charge
sharing or transfer from organic molecules to the metal surface
to form a coordinate type of metal bond (chemisorption) [53].
It can be seen from Table 5 that, calculated DGads valuesl in 1 M HCl in the absence and presences of different
Rct (ohm cm
2) Cdl (lF cm
2) gI (%)
193.9 51.86 -
362.7 27.73 46.53
439.8 36.18 55.91
537.0 33.19 63.89
829.4 47.97 76.62
1018 49.37 80.9
486.9 29.14 60.17
534.7 47.02 63.73
690.8 36.39 71.93
978.6 20.49 80.18
1358 23.43 85.72
525.2 47.87 63.08
659.6 36.14 70.60
829.4 47.97 76.62
1286 24.75 84.92
1462 21.77 86.73
Figure 13 The suggested equivalent circuit model for the studied
system.
Table 5 Adsorption parameter of three nonionic inhibitors on
carbon steel in 1 M HCl at 25 C.
Inhibitors R2 Kads · 105 M1 DGads (kJ mol1)
I 0.9993 3 35.75
II 0.999 2 36.75
III 0.999 1 38.47
360 A.M. Al-Sabagh et al.indicated that the adsorption mechanism of the prepared sur-
factants on carbon steel in 1 M HCl solution is mixed-surfac-
tants (physical and chemical adsorption). The large values of
DGads and its negative sign are usually characteristic of strong
interaction and a highly efﬁcient adsorption.
3.8. Theoretical study
The effectiveness of an inhibitor can be related to its spatial
molecular structure, as well as with their molecular electronic
structure [56]. Also there are certain quantum chemical
parameters that can be related to the interactions of metal-
inhibitor. Among these, we can mention the energy of the
HOMO, which is often associated with the capacity of a mol-
ecule to donate electrons. Therefore, an increase in the values
of EHOMO can facilitate the adsorption and therefore the inhi-
bition efﬁciency, by indicating the disposition of the molecule
to donate orbital electrons to an appropriate acceptor with
empty molecular orbitals. In the same way, low values of
the energy gap DE= ELUMOEHOMO will render good inhi-
bition efﬁciencies, because the energy needed to remove an
electron from the last occupied orbital will be low [57]. Sim-
ilarly, low values of the dipole moment l will favor the accu-
mulation of inhibitor molecules on the metallic surface [57].
The quantum chemical parameters such as the energy of
the highest occupied molecular orbital (EHOMO, eV), the en-
ergy of the lowest unoccupied molecular orbital (ELUMO,
eV), the energy gap (DE=ELUMOEHOMO, eV), the dipole
moment (l, Debye), logP (lipophilicity), polarizability (pol,
Ao3), total energy (ET, eV), the hydration energy (Ehydr,
kcal/mol), the ionization potential (I, eV), the electron0
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Figure 14 Langmuir isotherms for the adsorption of the prepaafﬁnity (A, eV), the global hardness (g, eV/mol), the softness
(r, eV/mol), the electronegativity (v), the number of trans-
ferred electrons (DN), the surface area (A, nm2) were calcu-
lated and listed in Tables 6 and 7, and the fully optimized
minimum energy geometrical conﬁguration of the inhibitors
is shown in Fig. 15. The linear correlation between EHOMO
energy level and the corrosion inhibition efﬁciency of the
inhibitors proved that, the higher the HOMO energy of the
inhibitor (less negative values), the greater the trend of offer-
ing electrons to the unoccupied d orbital of the metal and the
higher the corrosion inhibition efﬁciency for iron in HCl acid
solutions. In addition, the lower the LUMO energy, the eas-
ier the acceptance of electrons from the metal surface. In
other words, the inhibition efﬁciency increases if the com-
pound can donate electrons from its HOMO to the LUMO
of the metal, whereby chelation on the metal surface occurs.
Also, as the energy gap (DE) decreases, the efﬁciency of the
inhibitor is improved.
The order of increasing the values of EHOMO and decreas-
ing the ELUMO and the energy gap (DE) with increasing the
inhibition efﬁciency of I, II and III is (8.2 < 8.08
< 8.0 eV) and (0.4 > 0.29 > 0.23 eV and 8.60 > 8.31 >
8.23 eV) with inhibition efﬁciency (87.1 < 90.7 < 93.1%).
From Fig. 16, it is clear that, the dipole moment decrease with
increasing the number of ethylene oxide units. Low values of
the dipole moment will favor the accumulation of inhibitor
molecules on the metallic surface thus increasing the inhibition
effectiveness [58]. From Table 6, the surface area increases as
the number of ethylene oxide increase. The inhibitor (III)
has the highest molecular surface area (3011.23 nm2) among
the (I and II) due to the presence of 23 ethylene oxide units,
which probably makes a better surface coverage of the metal0006 0.0008 0.001 0.0012
h, (M)
red surfactants on carbon steel surface in 1 M HCl at 25 C.
Figure 15 Molecular structure and HOMO–LUMO of I, II and III.
Novel surfactants incorporated with 1,3,5-triethanolhexahydro-1,3,5-triazine 361surface which explains the highest inhibition efﬁciency for the
inhibitor (III). The polarizability plays a most important role
in the corrosion inhibition course. The polarizability is ex-
pected to be involved since it is in direct proportion to intrinsic
molecular volume, and molecular volume is a measure of the
energy needed to form a cavity in the solvent. That is to say,
the greater the polarizability, the more inhibitor molecules will
leave from solvent bulk to be adsorbed by metal surface to
form a protective ﬁlm. So increasing polarizability leads to
higher inhibition efﬁciency [59]. The polarizability has an
excellent correlation with the inhibition efﬁciency as shown
in Table 6. The order of increasing the polarizability with
the inhibition efﬁciency is I < II < III with values1
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Figure 16 Relationship between the numbe81.25 < 98.47 < 141.54 Ao3 and 87.1 < 90.7 < 93.1%% for
the inhibition efﬁciency as shown in Fig. 17. In corrosion stud-
ies, hydrophobicity is related to the mechanism of formation of
the protective layer on the metal surface (which reduces the
corrosion process drastically). The high lipophilicity (logP) is
due to the slow transport to the surface. This suggests that
more effective corrosion inhibitors can be designed by modify-
ing the tails or pendant groups to be more soluble in water. As
obvious in Table 6 and Fig. 18, values of logP are found to
have a good relationship with the corrosion inhibition efﬁcien-
cies of the studied inhibitors. Hydration energy values are all
negatives, indicating that, the dissolution of the inhibitors in
water (hydration) is an exothermic process. The negativity of3 15 17 19 21
hylene oxide units
r of ethylene oxide and dipole moment.
Table 6 Quantum chemical parameters of the investigated inhibitors.
Compound
name
EHOMO
(eV)
ELUMO
(eV)
DE(LUMO-HOMO)
(eV)
Dipole moment l,
(Debye)
Lipophilicity
coeﬃcient,
logP
Polarizability,
pol (A˚3)
Hydration
energy,
Ehydr, (k cal mol
1)
Surface area,
A, (nm2)
Total
energy,
ET, (eV)
I 8.2 0.4 8.6 4.87 5.16 81.25 15.84 1545.81 224658
II 8.02 0.29 8.31 2.81 4.5 98.47 20.10 1921.45 282135
III 8 0.23 8.23 2.07 2.07 141.54 33.74 3011.23 426757
362 A.M. Al-Sabagh et al.the hydration energy increases with increasing the number of
ethylene oxide. This indicates that as the molecule increase,
the exothermic dissolution of the inhibitors increase and they
follow the order: I > II > III with hydration energies values
15.84 > 20.10 > 33.74 kcal/mol. The increase in the neg-
ativity of the hydration energy is due to the hydrogen bond
which is formed between the inhibitor (nitrogen and oxygen
of the ether linkage) and water molecules, since as the negativ-
ity of the hydration energy increase, the energy which will be
needed to break the hydrogen bond will increase. The total en-
ergy has been calculated and correlated with experimental re-
sults. A satisfactory agreement is found between theoretical
and experimental data. The higher the total energy (ET) con-
ﬁrms the higher stability of the molecule and hence the lesser
the tendency of it to the donating ability. From the results, it
is evident that based on the decreasing values of the total en-
ergy (ET), the trend for the variation of the inhibition efﬁciency
follows the order: I > II > III with values 224658 >
282135 > 426757 eV for the total energy and
87.1 < 90.7 < 93.1% for the inhibition efﬁciency, respec-
tively. As the global hardness decrease, the inhibition efﬁciency
increase. The order of hardness by comparing the three inhib-
itors is I > II > III and hardness values 4.3 > 4.15 > 4.11
with inhibition efﬁciency values 87.1 < 90.7 < 93.1.
The softer a molecule, the more reactive it becomes. A
soft molecule is more reactive than a hard molecule because
a soft molecule has a lower energy gap [59]. From Table 7,
the softness is increased with values 0.23 > 0.24
> 0.43 eV1. The order of increasing the softness of the
inhibitors means increasing their adsorption on the metal sur-
face and increasing their inhibition efﬁciency. The values of
increasing softness are in good agreement with the experi-
mental results, since there is a positive relation between the
softness and the inhibition efﬁciency. Hence, the best70
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Figure 17 Relationship between the numbinhibitor is the one which has the highest value of (r), which
also indicates that higher number of electrons is transferred.
The energy of the LUMO is directly related to the electron
afﬁnity. From Table 7, there is a good correlation between
the electron afﬁnity and the inhibition efﬁciency for the inhib-
itors. The order of decreasing the electron afﬁnity with
decreasing the inhibition efﬁciency is as follows: III > II > I
with electron afﬁnity values 0.23 > 0.29 > 0.4 eV and
inhibition efﬁciency values 93.1 < 90.7 < 87.1. As the elec-
tron afﬁnity increase along the series, the afﬁnity of the inhib-
itor to accept electrons from the metal surface into the
inhibitor antibonding orbital increase and the energy given
off increase. Then the inhibition efﬁciency increases indicat-
ing more protection for the carbon steel surface.
The energy of the HOMO is directly related to the ioniza-
tion potential. From Table 7, the decrease in the ionization po-
tential is accompanied by the increase in the inhibition
efﬁciency. So, there is an inverse correlation between the ioni-
zation potential and inhibition efﬁciency. The order of decreas-
ing the ionization potential is I > II > III with values
8.2 > 8.02 > 8.0 eV. This observation may be due to the sta-
bility factor of the inhibitor molecule in the solution. Since
as the ionization potential decrease, the minimum energy
needed for the detachment of the orbital electrons to bind to
the metal surface, protecting it from corrosive media, increase
and hence the inhibition efﬁciency increase.
From Table 7, it is possible to observe that, III molecule
has the lowest value of the electronegativities (3.88 eV mol1)
which has the greatest inhibition efﬁciency (93.1%) as com-
pared to I which has the highest value (3.9 eV mol1) with
the lowest inhibition efﬁciency (87.1%). All the electronegativ-
ity values are smaller than that of the iron (7 eV mol1), and
the electronic chemical potential is higher than that for the iron
(7 eV mol1). This indicates the ﬂow of electrons from the15 20 25
he ethylene oxide units
er of ethylene oxide and polarizability.
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Figure 18 Relationship between the number of ethylene oxide
and logP.
Table 8 Charge density distribution of the
inhibitor i as representative sample.
Atoms Charge distribution
N1 0.174
N2 0.189
N3 0.188
O1 0.409
O2 0.418
O3 0.440
O*4 0.545
O5 0.419
O6 0.415
O7 0.472
O8 0.420
O9 0.415
O10 0.472
Novel surfactants incorporated with 1,3,5-triethanolhexahydro-1,3,5-triazine 363inhibitors (highest chemical potential) to the iron (lowest
chemical potential).
According to Lukovits’s study, if the value of DN< 3.6,
the inhibition efﬁciency increased with increasing electron
donating ability of inhibitor at the metal surface [60]. The val-
ues of (DN) presented in Table 7 represent the number of elec-
tronic charges that will be exchanged between the surface and
the adsorbed species. It is observed from Table 7 that, the inhi-
bition efﬁciency increased with the increase in the values of
DN. The greater value of 0.38 for III indicates the maximum
transfer of electrons and hence greater inhibition efﬁciency.
Thus, the fraction of transferred electrons is the largest for
III as compared to the other two compounds II (0.37) and I
(0.36).
From the previous discussion, low hardness value, high
softness value and high value of the fraction of electron trans-
ferred enhance the inhibition efﬁciency.
3.9. Charge density distribution
The more negatively charged an heteroatom is, the more it
can be adsorbed on the metal surface through the donor –
acceptor type reaction. It is conﬁrmed that, the more negative
the atomic partial charges of the adsorbed center, the more
easily the atom donates its electrons to the unoccupied orbital
of the surface atoms of the metal and the more easily the
electrostatic attraction between the surface and the studied
molecules. The regions of highest electron density areTable 7 Other calculated quantum chemical parameters of the inve
Compound
name
Ionization
potential,
I (eV)
Electron
aﬃnity,
A (eV)
Electronegativity
of the inhibitor
vinhibitor (eV mol
1)
Electronic chem
potential of the
l inhibitor
(eVmol1)
I 8.2 -0.4 3.9 -3.9
II 8.02 -0.29 3.86 -3.86
III 8 -0.23 3.88 -3.88
*The theoretical values of absolute electronegativity of iron (vFe), the ab
iron (lFe) are 7, 0 and 7 eV/mol, respectivelygenerally the sites to which electrophiles attacked. Therefore,
N and O atoms are the active center, which have the stron-
gest ability of bonding to the metal surface. The Mulliken
charge distribution is presented in Table 8 for nitrogen and
oxygen atoms because nitrogen and oxygen atoms have high-
er charge densities than carbon and hydrogen atoms, so
neglecting them. The regions of highest electron density are
generally the sites to which electrophiles attacked. Therefore,
N and O atoms are the active center, which have the stron-
gest ability of bonding to the metal surface. In Table 8, the
oxygen atomic charges are more negative than the nitrogen
atomic charges, so the oxygen atoms are more easily ad-
sorbed on the metallic surface. On the other hand, HOMO
Fig. 15 is mainly distributed on the area containing nitrogen
and oxygen atoms. Thus, the area containing oxygen and
nitrogen atom is probably the primary site of the bonding.
Based on the discussion above, it can be concluded that the
III molecule has many active centers of negative charge ow-
ing to the dispersed N atoms and the added oxygen atoms,
whereas II and I have slightly less active centers due to the
presence of only 13 and 9 ethylene oxide units, respectively.
In addition, the areas containing N and O atoms are the
most possible sites of bonding metal surface by donating elec-
trons to the metal iron.
Because most of corrosion inhibitors investigated in this pa-
per contain nitrogen and oxygen groups, we speculated that
the corrosion inhibition function of them is root in not the
individual action of N atom, but the collective action of the
N and O atoms, and this has been veriﬁed by experiments.stigated inhibitors.
ical
inhibitor
Global Hardness,
ginhibitor = DE/2
(eV mol1)
Softness,
r= 1/ginh
(eV1)
The number of
transferred electrons, DN
4.3 0.23 0.36
4.15 0.24 0.37
4.11 0.43 0.38
solute hardness of iron (gFe) and the electronic chemical potential of
364 A.M. Al-Sabagh et al.4. Conclusion
From the above results and discussion, the following conclu-
sions are drawn.
(1) Three nonionic surfactants based on 1,3,5-triethanol-
hexahydro-1,3,5-triazine which named (I, II, and III)
were synthesized and puriﬁed. The chemical structure
of these compounds was conﬁrmed by 1H NMR
and FT-IR, and their surface properties were
determined.
(2) The prepared surfactants were examined as corrosion
inhibitors. From all measurements performed, the pre-
pared surfactants are good inhibitors for the corrosion
of carbon steel in 1 M HCl. High inhibition efﬁciencies
are observed around their CMCs, and the inhibition efﬁ-
ciency increases with increasing of inhibitor concentra-
tions. The order of inhibition efﬁciency decreased as
follows III > II > I.
(3) The adsorption of the prepared nonionic surfactants on
the carbon steel surface obeys the Langmuir adsorption
isotherm. The adsorption process is spontaneous.
(4) The prepared inhibitors act as mixed-type inhibitors in
1 M HCl. The inhibition efﬁciency values which
obtained from weight loss, EIS and polarization curves
are in good agreement.
(5) Data obtained from quantum chemical calculations
were correlated with the experimentally obtained inhibi-
tion efﬁciencies.
(6) Quantum chemical calculations revealed that the
adsorption of the three inhibitors was mainly concen-
trated around the nitrogen and oxygen atoms.
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